Cyclic GMP (cGMP) is a ubiquitous second messenger in eukaryotic cells. It is assumed to regulate the association of myosin II with the cytoskeleton of motile cells. When cells of the social amoeba Dictyostelium discoideum are exposed to chemoattractants or to increased osmotic stress, intracellular cGMP levels rise, preceding the accumulation of myosin II in the cell cortex. To directly investigate the impact of intracellular cGMP on cytoskeletal dynamics in a living cell, we released cGMP inside the cell by laser-induced photo-cleavage of a caged precursor. With this approach, we could directly show in a live cell experiment that an increase in intracellular cGMP indeed induces myosin II to accumulate in the cortex. Unexpectedly, we observed for the first time that also the amount of filamentous actin in the cell cortex increases upon a rise in the cGMP concentration, independently of cAMP receptor activation and signaling. We discuss our results in the light of recent work on the cGMP signaling pathway and suggest possible links between cGMP signaling and the actin system.
Introduction
Cell motility and chemotaxis are fundamental to living organisms. They are the underlying key mechanisms of a wide variety of biological processes, including embryonic morphogenesis, cancer metastasis, and wound healing. In eukaryotic cells, motility is mostly driven by the dynamics of the actin cytoskeleton. Under the influence of an external chemical gradient, the symmetry of the actin cortex breaks into a leading edge and a retracting tail. While the leading edge is dominated by actin polymerization and the presence of filament nucleators like the Arp2/3 complex, the tail exhibits accumulation of myosin II, a well-known motor protein that generates contractile forces in conjunction with actin filaments. 1 One of the most prominent eukaryotic model organisms to study the role of cytoskeletal proteins and regulators in actin-driven motility is the social amoeba Dictyostelium discoideum. 2 Vegetative Dictyostelium cells show directional responses to gradients of folic acid. When starved for several hours, a signaling system is expressed that mediates chemotaxis in gradients of extracellular cAMP. 2 When exposed to cAMP, starvation-developed Dictyostelium cells display a cascade of signaling events that lead to a sharp and transient increase in actin polymerization within the first 10 s following the stimulus, accompanied by the cortical localization of associated regulatory proteins. With a delay of about 20 s, the actin response is followed by a prolonged accumulation of myosin II in the cell cortex. 3 Along with these cytoskeletal rearrangements, also a transient 10-fold increase in the cytosolic level of cGMP is observed. 4 The intracellular cGMP concentration peaks after 10 s and decays back to basal levels after about 30 s. 5, 6 In the KI-8 and KI-10 chemotaxis defective mutants, no such increase in the intracellular cGMP concentration was observed and, in addition, no recruitment of myosin II to the cell cortex. 4 On the other hand, the streamer F mutant (stmF) shows a prolonged increase in cGMP levels in response to a chemoattractant stimulus. This is associated with a much longer association of myosin II with the cytoskeleton, an extended phase of elongation during chemotaxis, [7] [8] [9] and a delay in the phosphorylation of the myosin II light chain. 10 Together, these early results suggest that cGMP plays a central role in controlling the phosphorylation and cytoskeletal localization of myosin II. In Dictyostelium, cGMP is synthetized by membrane-bound guanylyl cyclase A (GCA) and by soluble guanylyl cyclase (sGC). 11 Both GCA and sGC are activated in live cells by chemoattractant stimulation. 12 Similarly, osmotic stress also activates guanylyl cyclase in Dictyostelium. 13, 14 Only a small amount of the produced cGMP is secreted, the major part is degraded by a cGMP specific phosdiesterase (PDE). Effects of extracellular cGMP on the chemotactic signaling system of Dictyostelium are about 1000-fold lower than those of cAMP. 15 Cyclic GMP production appears to be regulated by Ras subfamily GTPases. The small GTPase Rap1 promotes cGMP production in osmotic stress. Rap1 controls cell adhesion in mammalian cells and was shown to regulate cell polarity and motility by controlling myosin II function in Dictyostelium. 16 In metazoans, cGMP binds to cGMP-dependent protein kinases (PKGs), cGMP gated ion channels, cAMP/cGMP-regulated Ras and cGMP-regulated phosphodiesterases. 16, 17 In Dictyostelium, four putative cGMP-binding proteins (GbpA-D) have been identified. 18 The cGMP binding protein A (GbpA) is a cGMP-specific PDE that is activated by cGMP, while GpbB, a dual specificity PDE with a preference for cAMP, is activated by both cAMP and cGMP. 18, 19 Furthermore, the two large multi-domain proteins GbpC and GpcD have been characterized. 12 It was found that GbpD acts independently of intracellular cyclic nucleotides. It promotes surface attachment via lateral pseudopods and depolarization as part of a GbpD/Rap/PI3K pathway. 20, 21 GbpC, on the other hand, exhibits a high cGMP binding affinity. It is considered to be the only cGMP signaltransducing protein in Dictyostelium. Activation of GbpC by cGMP is essential for myosin II regulation during chemotaxis, multicellular streaming, and resistance to osmotic stress. 12, 22 Subsequent studies revealed a rich topology of domains that led to the classification of GbpC as a member of the Roco family of proteins. 23 A multi-step intramolecular activation mechanism has been identified for this protein 24, 25 and its subcellular localization in response to cAMP-stimuli and osmotic shock was studied. 26 Despite our detailed mechanistic knowledge of GbpC activation, many open questions remain. In particular, the substrates that are phosphorylated by active GbpC in the cell cortex remain so far unknown. Myosin II assembly relies critically on these processes. But also other cortical functions may be triggered via this pathway. Most of our knowlegde on biochemical pathways like the cGMP signaling network relies on a combination of mutant studies and conventional biochemical assays. The response to an input stimulus (rise in extracellular cAMP concentration, osmotic shocks) is characterized at various levels, for example, cell shape, cellular functions, changes in the concentration levels of intracellular components, in their localization, their degree of phosphorylation etc. Already more than two decades ago, such studies have led to the conjecture that cGMP is essential for controling myosin II function in Dictyostelium. A major complication of this approach arises from the fact that in eukaryotic cells, an external stimulus often triggers multiple pathways that may act in parallel and interfere with each other.
In order to unambiguously demonstrate the action of individual players in a signaling cascade, it is necessary to directly manipulate their intracellular concentration levels by artificially introducing them into the cell in a controlled manner. In many cases, this is difficult to achieve, if not impossible. A number of different approaches like microinjection and induced gene expression have been developed to achieve this goal. Among them, membrane permeable caged compounds offer some of the most promising options for precise temporal delivery of molecules inside cells. Upon photo-activation, such compounds release the desired signaling substance from a biochemically inert caged precursoran approach that has evolved into one of the most versatile tools for chemical stimulation in live cells. 27 Almost all classes of biologically relevant signaling molecules have been produced in caged versions, including molecules of very different sizes like Ca 2+ , nucleotides, and inositols but also mRNA, DNA, peptides, and enzymes. Prominent examples of the use of caged compounds range from the study of ion channels to secretory processes and glutamate receptor stimulation. For a review see ref. 28 and further references therein.
In the present work, we will use a membrane permeable caged version of cGMP to directly investigate the impact of a sudden increase in intracellular cGMP on the cytoskeletal dynamics of Dictyostlium cells. In particular, we will study the temporal responses in cortical actin polymerization and myosin II localization by dual color fluorescence imaging of a Dictyostelium cell line that carries fluorescent markers for both filamentous actin and myosin II. We furthermore explore the effect of different placements of the uncaging laser in the field of view (inside the cell of interest versus outside next to the cell of interest) and analyze to what extent stray light limits localized photo-uncaging.
Results
Both actin and myosin II respond to a light-induced release of cGMP Intracellular photo-activation of caged cGMP was carried out in Dictyostelium cells that co-expressed LimED-mRFP and myosin-II-GFP. LimED-mRFP, the fluorescently tagged version of a Dictyostelium Lim-domain protein with truncated coiledcoil domain, is a well-established marker for filamentous actin. 29 Together with the GFP-tagged version of myosin II, the intracellular acto-myosin distribution was directly recorded in live cells by fluorescence microscopy. Images were taken by dual-color confocal laser scanning microscopy, so that both labels were simultaneously followed in the same cell. In Fig. 1A and C, the snapshot of a single non-stimulated cell is displayed as an example, with the LimED distribution in red (A) and the myosin II distribution in green (C).
Prior to the uncaging experiment, we incubated the cells with a membrane permeable caged version of cGMP (DMACM-caged cGMP). Each cell was recorded for at least 100 s. After 20 s, we initiated uncaging by a short 1 s pulse delivered with a 405 nm laser. In Fig. 2A , the light-induced uncaging reaction is displayed. Two different types of uncaging experiments were carried out, the uncaging laser was positioned inside the cell of interest; the uncaging laser was positioned outside, a distance of about 5 mm away from the cell of interest.
In Fig. 2B and C, the two situations are depicted schematically. We performed both types of experiments with vegetative as well as with starvation-developed cells. For each scenario, a large number of single cell recordings were taken (between 19 and 77, see the caption of Fig. 3 for details). Moreover, we took the respective controls for each case that consisted of a recording under identical conditions without the uncaging event.
When placing the uncaging laser inside vegetative cells, we observed both a clear myosin II response and also an actin response. Examples are shown in Fig. 1B and D, respectively. In both cases, an increased localization of the fluorescent fusion protein was seen in the cell cortex following the uncaging event.
To quantify the time course of the response, we divided the cell area into a cortical and a cytosolic region and determined the average fluorescence intensities in both regions for each time frame. In Fig. 2D , the masks for image segmentation and differentiation of cortex and cytosol are shown (see also the Methods section below). For a detailed description of the image analysis please refer to Anielski et al. 31 Upon translocation of fluorescent fusion proteins from the cytosol to the cortex, the average cytosolic fluorescence intensity decreased, while the cortical fluorescence intensity was at the same time increasing.
In Fig. 3 , we plot the ratio of the cortical and the cytosolic fluorescence intensities. The signals for both actin (black) and myosin II (red) are shown. The average response of vegetative cells that were stimulated by placing the uncaging laser inside the cell can be seen in Fig. 3A . Both the actin and the myosin IIpeak are clearly visible. We observed that actin peaked within the first 10 s after the uncaging event, while cortical myosin II localization reached its maximum about 30 s after uncaging. When placing the uncaging laser outside at a distance of about 5 mm away from the cell of interest, vegetative cells still showed an actin response, while no clear myosin II translocation to the cortex was observed. This can be seen in Fig. 3C , where the corresponding time traces for the ratio of cortical and cytosolic 
Integrative Biology Paper
View Article Online fluorescence intensities are displayed. For starvation-developed cells, a similar response was observed when placing the uncaging laser inside the cell. Both actin and myosin II accumulated in the cell cortex, following an intracellular release of cGMP. Also the timing of the actin and myosin II peaks was similar to the dynamics observed in vegetative cells, see Fig. 3B . In contrast to the results for vegetative cells, starvation developed cells showed not only an actin response, but also a clear myosin II translocation upon illumination of an uncaging region placed outside of the cell, see Fig. 3D . We have performed a number of control experiments to verify that the observed responses are indeed caused by the light-induced release of cGMP. Besides (1) control recordings of cells that are neither exposed to caged cGMP nor to the uncaging light, we have (2) incubated cells in the caged compound without exposure to the uncaging light, and (3) exposed cells to the uncaging light in the absence of the caged compound. In none of these cases, significant responses were observed. The results are displayed in the ESI. † Cytoskeletal responses are triggered by intracellular uncaging of cGMP How can we explain that for both types of photo-uncaging experiments (placing the uncaging laser inside/outside of the cell) responses in the cortical dynamics were observed?
We envision two possible scenarios. (1) The cortical responses are induced by extracellular cGMP via a receptor pathway. This would immediately explain the responses in cases where the uncaging laser is placed outside the cell. But also responses for uncaging inside the cell could be explained in this way. The cells were surrounded by a solution of caged cGMP. After passing through the cell, the laser also exposed the extracellular medium beyond the cell to the UV light, thus releasing a certain amount of cGMP in the vicinity of the cell. (2) The cortical responses are induced by intracellular cGMP. This would explain the responses in cases where the uncaging laser is placed inside the cell. The responses in cases where the uncaging laser was placed outside the cell could be attributed to stray light effects (secondary uncaging events). Small impurities and dust particles on the cover slip and in the surrounding solution may scatter light from the initial path of the laser beam into other directions, some of them inducing uncaging events inside neighbouring cells.
To discriminate between the two possible scenarios, we first performed extensive controls to make sure that the responses we observed in the acto-myosin system were not triggered by extracellular cGMP. In particular, we have performed micropipette aspiration experiments to expose cells from the outside to cGMP, Br-cGMP, and 7-dimethylamino-4-methyl-coumarin (DMAC), an analogue of the cage that was used in our uncaging experiments. The results from these control experiments can be seen in the ESI. † In none of these cases, actin or myosin responses were observed. This clearly demonstrates that the responses presented in Fig. 3 were caused by the light-induced release of cGMP inside the cell, thus favouring scenario (2) . To confirm this, we have performed a separate series of experiments that is described in the following.
Stray light induces secondary uncaging inside cells that are not directly targeted by the UV laser
To monitor the amount of uncaging light that reaches cells during an uncaging experiment, we used Dihydroethidium, a fluorescent reporter that was recently introduced by Brasen et al. to quantify the UV intensity delivered to the cytosol of cells in an uncaging experiment. 32 Dihydroethidium is a membrane permeable compound that can be photo-oxidated to hydroxyethidium when exposed to UV light. Hydroxyethidium is fluorescent and membrane impermeable. 32 For our study AX2 wild type cells were plated in glass-bottom Petri dishes and incubated for 2 hours in 20 mM Dihydroethidium under protection from light. We then exposed individual cells to the light of a focused 355 nm laser (Fig. 4A) and measured the intracellular fluorescence of hydroxyethidium before and after UV exposure. In addition, intracellular fluorescence was also measured in cells, which were not in the focus of the uncaging laser. The intracellular fluorescence of hydroxyethidium in individual cells is plotted as a function of the distance from the focus of the laser in Fig. 4B . The data clearly show that after direct exposure of a cell to the uncaging laser, the fluorescence of hydroxyethidium increases intracellularly as expected. Interestingly also in cells with a distance of several 100 micrometers away from the laser focus significant intracellular fluorescence of hydroxyethidium was found. Furthermore, it can be seen that in cells not directly exposed to the laser beam, the degree of intracellular photoactivation scattered over a wide range. In most cases, the secondary photoactivation events reached levels of up to 50% or less compared to photoactivaion in cells directly hit by the uncaging laser. Also, up to about 1 mm, the degree of secondary photoactivation showed only a weak dependence on the distance from the light beam. These results clearly favor scenario (2) to explain the cortical responses in experiments, where the uncaging laser was placed outside the cell. Light from the uncaging laser may be scattered by small impurities and dust particles. In particular, in cases where the uncaging laser passed directly through a cell, small structures and inhomogeneities in the cytosol will scatter light off the initial direction of the laser beam into the surroundings of the cell. This stray light will induce secondary intracellular photoactivation in neighbouring cells that are not directly exposed to the uncaging laser, see the schematic representation of this process in Fig. 4A . The large spread of the data points displayed in Fig. 4B reflects that the distribution of stray light is strongly anisotropic, depending on the number, shape, and orientation of the scattering objects. In general, our results demonstrate that secondary uncaging by stray light may strongly influence the results of intracellular uncaging experiments. Thus, possible side effects of secondary uncaging should be considered whenever photo-uncaging is used for stimulation in living cells.
On the other hand, we may employ secondary uncaging to deliberately reduce the UV exposure of cells during an uncaging experiment because, on average, secondary uncaging is significantly weaker than the primary uncaging event. Consequently, also the intracellular photo-release -in our case of cGMP -will be lower in this setting. We may thus interpret the difference observed in Fig. 3C and D between vegetative and starved cells as follows. In vegetative cells, a reduced dose of cGMP elicits only actin responses, indicating that cortical myosin localization in vegetative cells is less sensitive to changes in intracellular cGMP levels than actin.
Discussion
We exposed vegetative and starvation developed Dictyostelium cells to a sudden increase in the cytosolic cGMP concentration. The stimulus was delivered by light-induced intracellular release of a photo-activatable caged version of cGMP. In general, the most widely used caged compounds are based on a nitrobenzyl group that can be activated by UV light. 27 Photochemical activation may be a single-cycle process, when irradiation of the photocleavable functional group causes activation, or even a multicycle process, when biologically inactive and active states can be acessed and reversed with different wavelenghts. 33 For extracellular stimulation of Dictyostelium cells with complex and rapidly switching signals, the light-induced release of such compounds was successfully demonstrated. 34, 35 In the present work, we used the [7-(dimethylamino)coumarin-4-yl]methyl (DMACM) ester of 8-Br-cGMP, a photolabile cGMP analogue that is known to be membrane permeable, poorly hydrolyzed by phosphodiesterases, stably soluble in aqueous buffer solution, and rapidly released upon illumination. 30 Compared to the nitrobenzyl derivatives, optimal photocleavage of this compound is shifted to longer wavelengths (330-440 nm, l max 398 nm), reducing cell damage and photo-bleaching. 30, 36, 37 In our intracellular photo-activation experiments, we observed that an increase in the intracellular level of cGMP elicits a response in both actin polymerization and cortical localization of myosin II filaments. While actin peaks within the first 10 s after the photo-chemical release of cGMP, cortical myosin II localization becomes maximal after approximately 30 s. For the myosin II response, our results furthermore indicate a reduced sensitivity in the vegetative as compared to developed cells.
Application of extracellular cAMP to starvation-developed Dictyostelium cells results in a transient translocation of myosin II to the cell cortex. An increase in the cytosolic cGMP concentration has long been shown to precede this response. 8, 9 Mutants that are unable to produce cGMP because of disrupted guanylyl cyclases display a strongly reduced myosin II translocation leading to impaired chemotaxis. Similar defects were observed in a knockout mutant lacking the cGMP binding protein GbpC, strongly indicating that a cGMP-mediated pathway via activation of GbpC controls cortical localization and function of myosin II in chemotactic cells. 12 Our uncaging experiments clearly confirm these earlier results. They provide a direct proof that an increase in the cytosolic cGMP concentration triggers myosin II translocation to the cortex. While the myosin II response to an intracellular release of cGMP was thus expected, the preceding rapid peak in actin polymerization was not. Interestingly, the timing of the actin and myosin II peaks is in agreement with the responses observed after stimulation with extracellular cAMP.
3 Also here, a sharp peak in actin polymerization within the first seconds after the stimulus is followed by a prolonged myosin translocation that peaks about 20 s later. Furthermore, it has been shown earlier that translocation of myosin II to the cell cortex requires both binding of myosin to intact F-actin structures and motor activity of the myosin heads. 38 This suggests that myosin motor motility drives the translocation. Even though F-actin is required for motor-driven myosin II translocation, no evidence has been reported so far that actin polymerization may be stimulated by the same cGMP-mediated pathway that controls myosin activity. Our present data suggest such a link and indicate that actin polymerization may be triggered by an increase in the intracellular level of cGMP. How is cGMP linked to actin polymerization in Dictyostelium? Several options may be considered. On the one hand, cGMP may activate VASP (vasodilator-stimulated phosphoprotein) that plays an important role in controlling actin-driven processes in cells. 39 VASP was first discovered as a protein phosphorylated in response to elevated cAMP and cGMP in human platelets. It is part of the Ena/VASP family of proteins found in vertebrates, invertebrates, and Dictyostelium. Members of the Ena/VASP family are observed in areas of dynamic actin reorganization, for example the leading edge, tips of filopodia, cell-cell contacts, and focal adhesions. 40 They are also involved in axon guidance, phagocytosis, neural tube closure, T cell activation, and attenuation of platelet aggregation. 41 In D. discoideum, the homolog DdVASP was found. 39, 41 DdVASP expression occurs in vegetative cells and increases with starvation peaking at 8 h. 39 Phosphorylation of VASP is important for its cortical localization and interaction with WASP and WIPa that are key regulators of F-actin organization. 42 Lin and co-workers 42 showed that VASP phosphorylation still occurs in Dictyostelium null strains of the PKA catalytic domain ( pka-cat À )
and of guanylyl cyclases (sgc/gca À ). Furthermore, no VASP phosphorylation was observed in cells treated with membranepermeable derivatives of cAMP and cGMP. Together, these results suggest that VASP phosphorylation in Dictyostelium does not depend on cyclic nucleotides and, thus, is not a likely candidate to explain our experimental observations. Other candidates to explain the transient increase in actin polymerization that we observed after an intracellular release of cGMP are the cGMP binding proteins GbpC and GbpD. Although the cAMP-induced actin polymerization does not critically rely on these proteins, 20 a parallel pathway that activates the actin machinery via cGMP signalling cannot be excluded. In fact, earlier results indicate that GbpD indeed affects actin polymerization. 20 However, even though GbpD contains two cyclic nucleotide binding domains, it was shown that only GbpC exhibits high affinity binding sites for cGMP. 12 Moreover, the flattened and strongly adherent phenotype of GbpD overexpressing cells was also observed in the absence of intracellular cGMP, suggesting that GbpD activity does not depend on cGMP. Nevertheless, based on estimates of the cGMP dissociation constant of GbpD, we cannot rule out that cGMP is regulating GbpD when peak levels in the cytosolic cGMP concentration are reached. 20 Note that with decreasing strength of the intracellular cGMP stimulus, a GbpD mediated actin response should rapidly decay, while the GbpC mediated myosin II response would persist due to the much higher binding affinity of GbpC for cGMP. However, this is not in agreement with our experimental observations. When placing the uncaging laser outside of the cell to reduce the lightinduced intracellular release of cGMP, the myosin II response is diminished, while the actin response persists (see Fig. 3C ). Finally, actin polymerization may also be stimulated via a cGMP/GbpC mediated pathway, similar to myosin II. GbpC has been classified as a member of the Roco family of proteins and displays a rich topology of domains. 23, 24 Since the substrates that are regulated by active GbpC are not known, it is conceivable that the cGMP/GbpC pathway branches downstream of GbpC to control both myosin and actin activity in the cell cortex. For an overview of the possible signalling interactions, see Fig. 5 . In summary, we have shown for the first time a direct optical live cell measurement of cytoskeletal activity following an intracellular release of cGMP in Dictyostelium. As expected, an increase in intracellular cGMP induces myosin II to accumulate in the cortex. Surprisingly, also cortical actin polymerization rises in a sharp transient peak following the cGMP stimulus, independently of cAMP receptor activation and signaling. We have furthermore demonstrated that stray light may limit the localization of photo-uncaging events, even when a focused laser beam is used. In our experiments, intracellular uncaging was initiated even in cases where the uncaging laser was placed outside the cell of interest, highlighting the impact of stray light in this sensitive optical live cell stimulation technique.
Materials and methods
Cell culture and chemicals AX2-Wild Type (WT) cells were cultured in HL-5 medium (Formedium, Hunstanton, UK). When culturing GFP-Myosin II + LimED-mRFP cells, the selection markers G418 disulfate (Applichem, Darmstardt, Germany) and Blasticidin S hydrochloride (Applichem, Darmstardt, Germany) were added. All experiments were done with cells in Sørensen phosphate buffer (14.6 mM KH 2 PO 4 (Merck, Darmstadt, Germany), 2 mM Na 2 HPO 4 (Merck, Darmstadt, Germany), pH 6.0). For developed cells, 2 Â 10 6 cells were shaken in buffer for 6 h. cAMP responsiveness was tested by adding a drop of 10 À4 M cAMP (adenosine 3,5 -cyclic monophosphate, from Sigma-Aldrich, Taufkirchen, Germany) and visualizing LimED translocation to the cortex before each experiment. Other chemicals: DMACMcaged 8-Br-cGMP ((7-dimethylaminocoumarin-4-yl)methyl-8-bromoguanosine-3 0 ,5 0 -cyclic monophosphate) was purchased from Biolog (Bremen, Germany); cGMP (Guanosine 3,5-cyclic monophosphate), Br-cGMP (8-bromoguanosine 3,5-cyclic monophosphate sodium salt), DMAC (7-dimethylamino-4-methyl-coumarin) and dihydroethidium (for fluorescence) were purchased from Sigma-Aldrich, Taufkirchen, Germany.
Laser-induced uncaging of DMACM-caged 8-Br-cGMP
Cells were plated in glass-bottom dishes and incubated in 10 mM caged-cGMP. The lasers used had the following wavelengths: 488 nm argon laser, 561 nm DPSS laser, and a Diode 405-30 laser of 405 nm, which is the photobleaching laser. An area of 21 pixels (circle) inside or outside (next to) the cell was illuminated with 100% photobleaching laser intensity, and a pixel dwell time of 25.21 ms. Images were captured at a rate of one frame per second using an LSM 710 microscope (Carl Zeiss Microimaging, Jena, Germany) with a PlnApo 63x/1.4 Oil DicIII objective.
Dihydroethidium photoactivation control assay
Cells were plated in glass-bottom dishes and incubated, protected from light, for 2 hours in 20 mM Dihydroethidium (Sigma-Aldrich, Taufkirchen, Germany). Cells (AX2-WT) were exposed to a 355 nm laser (Genesis 355-150, Coherent Deutschland, Dieburg, Germany); the fluorescence intensities inside the cells before and after stimulation were measured and plotted as a function of distance from the position of the laser.
Image analysis
Every recorded image sequence was converted into a 3D-array containing the stack of all images with dimensions x, y, t, with t being the number of the subsequent images. First, the background intensity was calculated by averaging over all images, calculating the temporal mean value of every pixel (x, y). From the resulting background image, mean intensity and maximum intensity values were calculated. The images in the 3D-array were then smoothed by a 3D median filter with a 5 Â 5 Â 5 pixel cubic mask. After this operation was performed on both color channels, the two channels (for the GFP and for the mRFP images), both being normalized by the maximum intensity from the background image, were added together. To determine the cytosolic and cortical regions of the cell, we generated two masks. First, we applied a threshold to the filtered image of 40% of the mean intensity value retrieved from the background image. We then eroded the binarized image by a zone of 16 pixels in diameter. The remaining part represents the cytosol, while the difference of the eroded and the non-eroded binarized images provides the mask for the cortical region of the cell. Both masks were then applied to the sequence of original images. The mean fluorescence intensities were computed separately for the sequence of both the cell cortex and cytosol images. To characterize the cytoskeletal response, the ratio of both intensities was plotted as a function of time. The image analysis was done with a custom-made MATLAB program (MATLAB 7.5, Mathworks, Ismaning, Germany). For more information on the image analysis, see Anielski et al. 
